Complex interactions between the host and the gut microbiota govern intestinal homeostasis but remain poorly understood. Here we reveal a relationship between gut microbiota and caspase recruitment domain family member 9 (CARD9), a susceptibility gene for inflammatory bowel disease (IBD) that functions in the immune response against microorganisms. CARD9 promotes recovery from colitis by promoting interleukin (IL)-22 production, and Card9 −/− mice are more susceptible to colitis. The microbiota is altered in Card9 −/− mice, and transfer of the microbiota from Card9 −/− to wild-type, germ-free recipients increases their susceptibility to colitis. The microbiota from Card9 −/− mice fails to metabolize tryptophan into metabolites that act as aryl hydrocarbon receptor (AHR) ligands. Intestinal inflammation is attenuated after inoculation of mice with three Lactobacillus strains capable of metabolizing tryptophan or by treatment with an AHR agonist. Reduced production of AHR ligands is also observed in the microbiota from individuals with IBD, particularly in those with CARD9 risk alleles associated with IBD. Our findings reveal that host genes affect the composition and function of the gut microbiota, altering the production of microbial metabolites and intestinal inflammation. A r t i c l e s nAture medicine VOLUME 22 | NUMBER 6 | JUNE 2016 5 9 9 RESULTS Card9 −/− mice are more susceptible to colitis Recovery is impaired in Card9 −/− mice after dextran sulfate sodium (DSS)-induced colitis, as compared to that in wild-type (WT) mice, with delayed weight gain and greater histopathologic alterations ( Supplementary Fig. 1 ) 8 . Epithelial cell proliferation is reduced and apoptosis is increased, as shown by decreased staining for the proliferation marker Ki67 and increased staining for cleaved caspase 3, respectively, confirming impaired intestinal healing (Fig. 1a,b) . To examine the mechanisms responsible for this defect, we compared the colon transcriptomes of WT and Card9 −/− mice before and during DSS-induced colitis. The mouse transcriptomes clustered according to genotype (Supplementary Fig. 2a ). The number of upregulated genes on day 7 was higher in Card9 −/− mice than in WT mice. Pathway analyses of the induced transcripts showed a dominance of immunerelated pathways, corresponding to a stronger signal in Card9 −/− mice ( Supplementary Fig. 2b ). During the recovery period (day 12), the pathways involved in cell proliferation and replication were more activated in WT mice than in Card9 −/− mice, confirming the healing defect in Card9 −/− mice ( Supplementary Fig. 2c ). The most induced and differentially expressed genes between Card9 −/− and WT mice on days 7 and 12 were regenerating islet-derived 3 gamma (Reg3g; encoding REGIII-γ), Reg3b (encoding REGIII-β) and interleukin 1 beta (Il1b) (Fig. 1c) . The expression of antimicrobial proteins, such as REGIII-γ and REGIII-β, by intestinal epithelial cells is induced by 15) . Moreover, IL-17A has a protective role in concert with 17) . As assessed by real-time qPCR, colonic expression of Il22, Reg3g, Reg3b, and Il17a was decreased on day 12 in Card9 −/− mice (Fig. 1d) . In the colon lamina propria, the percentage of IL-22 + cells was decreased in Card9 −/− mice on days 0 and 12 (Fig. 1e) . Among these cells, the CD3 − CD4 − NKp46 − subset was reduced on day 12 in Card9 −/− mice ( Fig. 1f and Supplementary Fig. 3 ). These results highlight the role of CARD9 and its effector IL-22 in mediating recovery from DSS-induced colitis. The major role of IL-22 and its target genes Reg3g and Reg3b in the response to bacterial and fungal infections 4, 5, 8, 18 raises questions about the specific role of the microbiota in the hyper-susceptibility to colitis that is observed in Card9 −/− mice.
The microbial community in the human gastrointestinal tract is fundamental to the health and nutrition of the host 1 . Loss of the fragile equilibrium within this complex ecosystem, termed dysbiosis, is involved in numerous pathologies, including IBD. The incidence of IBD increased during the 20 th century and continues to rise 2 . IBD develops as a result of a combination of genetic predisposition, dysbiosis of the gut microbiota, and environmental influences 3 . CARD9, one of the numerous IBD susceptibility genes, encodes an adaptor protein that integrates signals downstream of pattern recognition receptors. CARD9 is particularly involved in the immune response to fungi via C-type lectin sensing 4 , but it also has a role in response to bacteria by mediating nucleotide-binding oligomerization domain containing 2 (NOD2)-dependent mitogenactivated protein kinase 14 (MAPK14; also known as p38)-Janus kinase (JNK) signaling 5 and modulating Toll-like receptor signaling 6, 7 . CARD9 promotes recovery from colitis through activation of the IL-22 pathway, and Card9 −/− mice are more susceptible to colitis and have an increased load of gut-resident fungi 8 . Dysbiosis is often viewed as a contributor to intestinal inflammation owing to increased numbers of proinflammatory microorganisms 9 . However, a lack of microorganisms that have regulatory functions may also enhance inflammation 10, 11 .
Recent data have suggested that tryptophan catabolites generated by metabolism by the microbiota have a role in mucosal immune responses via AHR 12 by modulating production of IL-22, a cytokine with well-known effects on intestinal homeostasis 12, 13 . Here we assessed the interaction between CARD9, the microbiota and tryptophan in intestinal homeostasis.
RESULTS
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−/− mice are more susceptible to colitis Recovery is impaired in Card9 −/− mice after dextran sulfate sodium (DSS)-induced colitis, as compared to that in wild-type (WT) mice, with delayed weight gain and greater histopathologic alterations ( Supplementary Fig. 1 ) 8 . Epithelial cell proliferation is reduced and apoptosis is increased, as shown by decreased staining for the proliferation marker Ki67 and increased staining for cleaved caspase 3, respectively, confirming impaired intestinal healing (Fig. 1a,b) . To examine the mechanisms responsible for this defect, we compared the colon transcriptomes of WT and Card9 −/− mice before and during DSS-induced colitis. The mouse transcriptomes clustered according to genotype (Supplementary Fig. 2a ). The number of upregulated genes on day 7 was higher in Card9 −/− mice than in WT mice. Pathway analyses of the induced transcripts showed a dominance of immunerelated pathways, corresponding to a stronger signal in Card9 −/− mice ( Supplementary Fig. 2b ). During the recovery period (day 12), the pathways involved in cell proliferation and replication were more activated in WT mice than in Card9 −/− mice, confirming the healing defect in Card9 −/− mice ( Supplementary Fig. 2c ). The most induced and differentially expressed genes between Card9 −/− and WT mice on days 7 and 12 were regenerating islet-derived 3 gamma (Reg3g; encoding REGIII-γ), Reg3b (encoding REGIII-β) and interleukin 1 beta (Il1b) (Fig. 1c) . The expression of antimicrobial proteins, such as REGIII-γ and REGIII-β, by intestinal epithelial cells is induced by 15) . Moreover, IL-17A has a protective role in concert with 17) . As assessed by real-time qPCR, colonic expression of Il22, Reg3g, Reg3b, and Il17a was decreased on day 12 in Card9 −/− mice (Fig. 1d) . In the colon lamina propria, the percentage of IL-22 + cells was decreased in Card9 −/− mice on days 0 and 12 ( Fig. 1e) . Among these cells, the CD3 − CD4 − NKp46 − subset was reduced on day 12 in Card9 −/− mice ( Fig. 1f and Supplementary Fig. 3 ). These results highlight the role of CARD9 and its effector IL-22 in mediating recovery from DSS-induced colitis. The major role of IL-22 and its target genes Reg3g and Reg3b in the response to bacterial and fungal infections 4, 5, 8, 18 raises questions about the specific role of the microbiota in the hyper-susceptibility to colitis that is observed in Card9 −/− mice.
The gut microbiota is altered in Card9 −/− mice We next explored the composition of the microbiota at the fungal and bacterial level at baseline and during colitis (Fig. 2) . In Card9 −/− and WT mice, the colonic fungal load reached a peak at day 7, but it was higher in Card9 −/− mice (Fig. 2a) . Little is known regarding the diversity of the gut fungal microbiota and how fungi contribute to colitis in mice 19, 20 . We therefore further analyzed the fungal microbiota in feces via high-throughput internal transcribed spacer 2 (ITS2) sequencing. Principal component analysis (PCA) on the basis of genus composition revealed major differences between WT and Card9 −/− mice at days 0 and 7. The fungal composition in Card9 −/− mice was altered at days 0, 7, and 12, whereas it changed only slightly with colitis in WT mice, showing more resilience to DSS-induced perturbation ( Fig. 2b and Supplementary Fig. 4a ). Diversity measurements also suggested increased resilience of the fungal microbiota in WT mice In a-c, n = 3 (day 0) and n = 5 (days 7 and 12) mice per group; in e,f, n = 5 mice per group. Throughout, data are mean ± s.e.m. *P < 0.05; ***P < 0.001; by two-tailed Student's t-test.
npg than in Card9 −/− mice (Fig. 2c) . The fungal microbiota of WT and Card9 −/− mice was dominated by members of the phyla Ascomycota, Basidiomycota, and Zygomycota ( Fig. 2d and Supplementary Fig. 4b ).
Using the linear discriminant analysis (LDA) effect size (LEfSe) pipeline 21 , we observed several differences in the baseline fecal fungal microbiota composition in Card9 −/− mice, as compared to that in WT mice ( Fig. 2h and Supplementary Fig. 4b ). In line with the PCA results, the composition of the fungal microbiota was more altered at days 7 and 12 in Card9 −/− mice than in WT mice ( Supplementary  Fig. 5 ). In parallel, we explored the composition of the fecal bacterial microbiota by using 16S rDNA sequencing. Although the alterations were less marked than for the fungal microbiota, PCA revealed that the baseline bacterial microbiota was different in WT and Card9 −/− mice ( Supplementary Fig. 4c) . Moreover, the shift in the composition of the bacterial microbiota during colitis followed a similar pattern in WT and Card9 −/− mice, but with decreased stability in Card9 −/− mice (Fig. 2e,f and Supplementary Fig. 4c,d ). No differences were observed regarding biodiversity between WT and Card9 −/− mice at any of the time points (Fig. 2g) . The LEfSe analysis revealed differences at baseline, including decreases in Adlercreutzia (genus), Actinobacteria (phylum), and Lactobacillus reuteri in the Card9 −/− mouse microbiota (Fig. 2h) . In WT mice, there was a negative correlation between bacterial and fungal biodiversity (Fig. 2i) , suggesting an inter-kingdom relationship and possibly competition. In contrast, a positive correlation was observed in Card9 −/− mice, suggesting abnormal interactions within the gut ecosystem between bacteria and fungi, with possible consequences on gut homeostasis (Fig. 2i) .
Overall, these data demonstrate that CARD9 has a role in shaping the bacterial and fungal gut microbiota and that it is required to control fungal microbiota expansion in colitis.
The Card9 −/− microbiota has pro-inflammatory effects To isolate the effect of the gut microbiota, we colonized WT germfree (GF) mice with the microbiota of WT (WT→GF) or Card9 −/− (Card9 −/− →GF) mice and exposed them to DSS. The microbiota transfer was sufficient to recapitulate the phenotype observed in 
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-/- Significance was determined by using linear regression. **P < 0.01, two-tailed Student's t-test (a) and one-way analysis of variance (ANOVA) and post hoc Tukey test (c,g). Throughout, n = 3 mice per group for day 0, and n = 5 mice per group for days 7 and 12.
npg Card9 −/− mice, as evidenced by increased susceptibility to colitis and impaired recovery, with decreased epithelial cell proliferation and increased apoptosis ( Fig. 3a-d and Supplementary Fig. 6a ). However, the fungal component of the microbiota did not seem to be involved in this effect, as fungal levels were similar in WT→GF and Card9 −/− →GF mice, and antifungal treatment did not modify the phenotype (Supplementary Fig. 6b-d) . To decipher the mechanisms leading to the defective recovery from DSS-induced injury in Card9 −/− →GF mice, we assessed the colonic expression levels of 179 inflammation-associated genes using NanoString technology (Supplementary Fig. 6e ). Il22 was one of the most highly downregulated genes in Card9 −/− →GF mice, as compared to those in WT→GF mice (Fig. 3e) , in addition to the chemokine-encoding genes Cxcl1 and Cxcl5 and the transcription-factor-encoding gene Fos, all of which are known IL-22 target genes in epithelial cells [22] [23] [24] . IL-22 has been implicated in intestinal homeostasis 13 , and it mediates innate antimicrobial resistance in mice 12, 16 . Furthermore, similar to Card9 −/− and Card9 −/− →GF mice, Il22 −/− mice are more susceptible to DSS-induced colitis and show impaired healing during the recovery period 25 . Therefore, we postulated that a deficient IL-22 response may underlie impaired recovery of Card9 −/− →GF mice during DSS-induced epithelial injury. In agreement with the NanoString results, Il22 expression in the colon was decreased in Card9 −/− →GF mice on days 0 and 12 ( Fig. 3f) . Moreover, the expression levels of Reg3g and Reg3b were reduced in Card9 −/− →GF mice, as compared to those in WT→GF mice at days 0 and 7 ( Fig. 3f) . In contrast, no differences were detected in the expression of Il17a (Fig. 3f) or defensin beta 1 (Defb1), which is a target of IL-17A 17 ( Supplementary Fig. 7a ). We next confirmed the IL-22 defect in Card9 −/− →GF mice at the protein level in the colon and mesenteric lymph nodes (MLNs) at baseline, day 7 and day 12 ( Fig. 3g,h ). We found no differences in the amounts of IL-17A, IL-6, IFN-γ, or IL-10 in the MLN or colon ( 14, 26 . Following isolation of intraepithelial and lamina propria cells, we observed that IL-22 production by T H 22, NKp46 + ILCs, LTi cells, and CD3 − CD4 − NKp46 − cells was decreased in the colon lamina propria of Card9 −/− →GF mice, as compared to that in the colon lamina propria of WT→GF mice on day 12 ( Fig. 3i and Supplementary Fig. 8 ). In contrast, IL-17 production was not altered, and no difference was observed in IL-22 or IL-17 production by intraepithelial γδ T cells ( Supplementary  Figs. 8c and 9) . Intestinal dendritic cells and macrophages, which are involved in the stimulation of IL-22-producing cells via IL-23 production 14 , were also explored, but no differences were observed between Card9 −/− →GF and WT→GF mice (Supplementary Fig. 10 ).
These data indicate that the microbiota of Card9 −/− mice is defective in inducing IL-22 production by T cells and ILCs in the colon, leading to impaired recovery from DSS-induced colitis.
Impaired tryptophan metabolism in Card9 −/− →GF mice Our results suggest that the gut microbiota of Card9 −/− mice contributes to susceptibility to DSS-induced colitis by altering IL-22 production. One mechanism that could link these findings is the modulation of AHR activation by the microbiota within the gastrointestinal tract. Tryptophan can be metabolized either by the gut bacteria into indole derivatives, such as indole-3-acetic acid (IAA) or by host cells into kynurenine (Kyn) via indoleamine 2,3-dioxygenase 1 (IDO1; Supplementary Fig. 11a ) 12, 27, 28 . Indole derivatives are AHR ligands ( Supplementary Fig. 11b ) known to promote local IL-22 production 29 . Therefore, by examining the levels of AHR ligands in the lumen of the colons of germ-free, Ido1 −/− , Card9 −/− , Card9 −/− →GF, WT, and WT→GF mice, we were able to analyze tryptophan metabolism by the host and the gut bacteria. As expected, production of Kyn was impaired in Ido1 −/− mice, whereas normal IAA levels were observed. Production of IAA was impaired in GF mice, and Kyn levels were also low, probably because of the underdevelopment of the gut immune system ( Fig. 4a and Supplementary Fig. 11c,d ).
Most notably, the levels of IAA in Card9 −/− →GF and Card9 −/− mice were decreased, whereas the bacterial concentrations within the colons were not modified ( Fig. 4a and Supplementary Fig. 11c-e) , indicating that the change in the microbiota in Card9 −/− mice was responsible for the low level of IAA. In line with these data, culture supernatants of L. reuteri and Allobaculum sp., two bacteria with decreased abundance in the Card9 −/− mouse microbiota (Fig. 2h) , strongly activate AHR (Supplementary Fig. 12a ). These results suggest that impaired tryptophan metabolism by the microbiota of the Card9 −/− mice could be associated with, or even be responsible for, the hypersusceptibility of Card9 −/− mice to colitis. Using an AHR reporter system, we found that feces from Card9 −/− and Card9 −/− →GF mice were defective in their ability to activate
*** *** *** ** ** ** ** *** *** *** *** *** *** *** *** *** *** *** *** *** ** * npg AHR, to a similar extent as that for feces from GF mice ( Fig. 4b and Supplementary Fig. 12b ). To assess the in vivo importance of this finding, we administered 6-formylindolo(3,2-b)carbazole (Ficz), an AHR agonist, to DSS-exposed mice. The severity of colitis (body weight loss, histology score, and colon shortening) was reduced in Card9 −/− and Card9 −/− →GF mice that were treated with Ficz, as compared to their untreated counterparts during recovery, reaching the level of severity seen in WT or WT→GF mice (Fig. 4c-e and Supplementary  Fig. 12c-e) . Accordingly, defects in the colonic expression of Il22, Reg3g, and Reg3b in Card9 −/− and Card9 −/− →GF mice were rescued by Ficz administration (Fig. 4f and Supplementary Fig. 12f ).
This effect was also observed at the protein level for IL-22 in the colon ( Fig. 4g and Supplementary Fig. 12g ). Moreover, supplementation of Card9 −/− →GF mice with three Lactobacillus strains, isolated from WT mice for their ability to activate AHR (Fig. 5a,b) , rescued susceptibility of Card9 −/− →GF mice to colitis, IL-22 expression, and AHR ligand production ( Fig. 5c-j) . These effects were mediated by AHR, as they were abrogated in the presence of an AHR antagonist ( Fig. 5e-j) .
One study showed that the microbiota of Il22 −/− mice is altered, and its transfer increases susceptibility of WT mice to colitis 30 . Therefore, we postulated that a deficient IL-22 response may also be involved npg in the decreased production of AHR ligands by the microbiota. Indeed, microbiota from Il22 −/− mice had impaired AHR activity and decreased levels of IAA (Supplementary Fig. 13a,b) . Moreover, administration of exogenous IL-22 was sufficient to normalize AHR ligand production and colitis susceptibility in Card9 −/− mice ( Supplementary Fig. 13c-h ). These results show that the gut microbiota of Card9 −/− mice contributes to the susceptibility of the mice to colitis by altering the IL-22 signaling pathway via impaired tryptophan metabolism, leading to defective AHR activation. In addition, IL-22 is required for the production of AHR ligands by the microbiota (Supplementary Fig. 14 ). An AHR agonist can effectively counter these defects.
Reduced AHR activity and tryptophan metabolites in subjects with IBD We explored whether these findings were relevant to human disease and analyzed fecal samples from individuals with IBD (Supplementary Table 1 ) and healthy subjects for their ability to activate AHR. The fecal samples from healthy subjects induced greater activation of AHR than those from patients with IBD (Fig. 6a) . This defect was observed in samples from both individuals with Crohn's disease and those with ulcerative colitis (Supplementary Fig. 15a ). This finding was associated with decreased levels of tryptophan and IAA, and increased levels of Kyn, in the fecal samples from patients with IBD ( Fig. 6b and Supplementary Fig. 15b-d) . Therefore, activated immune cells in the gut of individuals with IBD may use tryptophan to produce Kyn via IDO1, whereas the metabolism of tryptophan by the gut microbiota is impaired, leading to defective AHR activation. We next searched for a connection between CARD9 and the ability of the microbiota to produce AHR ligands in humans. We genotyped patients with IBD for an IBD-associated single-nucleotide polymorphism (SNP) within CARD9 (rs10781499) 31 and found that the risk allele was associated with reduced AHR activation by microbiotaderived metabolites extracted from fecal samples in our in vitro assay ( Fig. 6c and Supplementary Fig. 15c,d) . No association was observed among other major IBD-associated SNP-containing alleles of genes, including NOD2, autophagy-related 16-like 1 (ATG16L1), and leucine-rich repeat kinase 2 (LRRK2) (Supplementary Fig. 15e ). These results should be confirmed in an independent cohort but suggest a connection between IBD, CARD9, and the ability of the microbiota to produce AHR agonists in humans.
DISCUSSION
The gut microbiota is a key player in mammalian physiology, and its composition is influenced by genetics, environment, and diet [1] [2] [3] .
Any change in these factors can predispose the host to metabolic or inflammatory disorders, including obesity and IBD [1] [2] [3] . However, the mechanisms by which the microbiota influences the host remain unknown. It is also unclear whether dysbiosis is a cause or a consequence of these diseases. Our results showed that Card9 deletion has an effect on the gut microbiota in mice and that transfer of microbiota from Card9 −/− mice to WT GF recipient mice is sufficient to recapitulate the defective IL-22 activation and increased sensitivity to colitis observed in Card9 −/− mice. These alterations were due to an impaired ability of the microbiota of Card9 −/− mice to catabolize tryptophan into AHR ligands. Metabolomics studies have revealed large effects of the gut microbiota on host metabolism 32 . Indole derivatives, which are tryptophan catabolites generated by the microbiota, were recently identified as activators of AHR, which consequently regulates local IL-22 production 12, 13, 29 . Any modification in AHR ligand production impacts IL-22 levels and, therefore, acts on the fragile equilibrium between the microbiota and the host cells 12, 30, 33 . In accordance with this model, the Card9 −/− mouse microbiota has decreased levels of bacteria that have tryptophan-catabolizing functions, such as L. reuteri, and members of the genus Allobaculum and the phylum Actinobacteria 12, 34 . Moreover, the susceptibility of GF mice that received microbiota from Card9 −/− mice (Card9 −/− →GF mice) to colitis and the decreased production of AHR ligands were rescued by supplementation with AHR-ligandproducing Lactobacillus strains. Thus, our results provide evidence that defects in expression of factors involved in innate immunity, such as CARD9, can shape an altered microbiota, which can then modify the host immune response. Our results are relevant to humans, as impaired microbial production of AHR ligands is observed in patients with IBD and correlates with an IBD-associated SNP within CARD9 (rs10781499). Consequently, the tryptophan catabolites derived from gut microbiota could be used as biomarkers for dysbiosis and may be targeted for the development of new therapeutic drugs for individuals with IBD. For instance, indole derivatives, or the probiotic organisms that produce them 12 , could be used as a supportive therapy in individuals with intestinal dysbiosis. Our findings support a more general concept that suggests that, owing to their tight relationship, the respective roles of the host factors and the gut microbiota in IBD pathogenesis cannot be completely distinguished. Thus, dysbiosis should neither be considered a cause nor a consequence of IBD, but both simultaneously. We hypothesize that the altered immune response in Card9 −/− mice has an effect on the microbiota. In turn, the modified microbiota alters tryptophan catabolite production, affecting the host's immune response and amplifying dysbiosis in a vicious cycle that leads to the loss of intestinal homeostasis. Induction of DSS colitis and treatments. To induce colitis, mice were administered drinking water supplemented with 2% (wt./vol.) dextran sulfate sodium (DSS; MP Biomedicals, LLC, Aurora, OH, USA) for 7 d and were then allowed to recover by drinking unsupplemented water for the next 5 d (Supplementary  Fig. 1a) . The 6-formylindolo(3,2-b)carbazole (Ficz; Enzo Life Sciences, Lausen, Switzerland) and the AHR antagonist CH223191 (AHR − ; Sigma-Aldrich) were resuspended in dimethyl sulfoxide (DMSO; Sigma-Aldrich) and administered intraperitoneally. Ficz was injected 1 d after DSS administration (1 µg/mouse). For the AHR − treatment, WT→GF and Card9 −/− →GF mice (4-to 5-week-old females) were treated (100 µg/mouse) three times per week until euthanization (Fig. 5c) . Controls consisted of mice injected with DMSO vehicle alone for the Ficz and AHR − treatment groups. Three bacteria with strong AHR activity and that were isolated in feces of WT mice were identified by sequencing the 16S rDNA gene as previously described 36 . The resulting sequences were aligned, inspected by eye, and compared with the online tool BLAST. Strains were identified based on the highest hit scores. These strains were deposited in the Collection Nationale de Cultures de Microorganismes (CNCM) of the Institut Pasteur and named L. murinus CNCM I-5020, L. reuteri CNCM I-5022, and L. taiwanensis CNCM I-5019. Bacterial suspensions containing these three strains (10 9 colonyforming units (c.f.u.) of each strain in 500 µl of PBS) were administered three times per week for a period of 3 weeks to WT→GF and Card9 −/− →GF mice (4-to 5-week-old females) by intragastric gavage (Fig. 5c) . Oral gavage with PBS was performed in control mice. For the antifungal treatment, mice were fed 0.5 mg/ml fluconazole in drinking water (Sigma-Aldrich) 1 week before DSS administration and every day thereafter, as previously described 19 (Supplementary Fig. 6c ). For the IL-22 treatment, WT and Card9 −/− mice were injected intraperitoneally three times per week with mouse IL-22-Fc (50 µg/mouse) (Genentech, South San Francisco, CA, USA) (WT IL-22 and Card9 −/− IL-22) or an equivalent amount of isotype control (IgG2a) (Genentech) (WT isotype and Card9 −/− isotype) for a period of 3 weeks. 3 d after the last injections, colitis was induced by DSS treatment (Supplementary Fig. 13c) . In all treatments, body weight, blood in stool, and stool consistency were analyzed daily. The severity of colitis was assessed using the disease activity index (DAI) as previously described 8 .
Cytokine quantification. MLNs and spleens were sieved through a 70-µm cell strainer (BD Difco) in complete RPMI 1640 medium (10% heat-inactivated FCS, 2 mM l-glutamine, 50 IU/ml penicillin, and 50 µg/ml streptomycin; SigmaAldrich), and 1 × 10 6 cells per well were cultured (37 °C, 10% CO 2 ) for 48 h with stimulation by phorbol 12-myristate 13-acetate (PMA, 50 ng/ml; Sigma-Aldrich) and ionomycin (1 µM; Sigma-Aldrich). The culture supernatant was frozen at −80 °C until processing. To measure cytokine levels in the colonic explants, tissues from the medial colon were isolated and rinsed in phosphate-buffered saline (PBS; Gibco, Paisley, UK). The colonic explants were cultured (37 °C, 10% CO 2 ) overnight in 24-well tissue culture plates (Costar, Corning, Amsterdam, the Netherlands) in l ml of complete RPMI 1640 medium. The culture supernatants were collected and stored at −80 °C until processing. ELISAs were performed on the supernatants to quantify the following mouse cytokines according to the manufacturer's instructions: IL-10, IL-17A, and IFN-γ (Mabtech, Nacka Strand, Sweden); IL-22 (eBioscience, San Diego, CA, USA); and IL-6 (R&D Systems, Minneapolis, MN, USA). For the colonic explants, cytokine concentrations were normalized according to the dry weight of each colonic explant.
Lamina propria cell isolation and flow cytometry. Cells from the colon and small intestine lamina propria were isolated as previously described 8 . The cells were stimulated and stained as previously described 8 Histology. Colon samples for histological studies were maintained at 4 °C in 4% paraformaldehyde and then embedded in paraffin. 4-µm sections (three sections per sample) were stained with hematoxylin and eosin (H&E) and then examined in a blinded manner using a BX43 Olympus microscope, to determine the histological score according to previously described methods 8 (Supplementary Table 2 ). The samples were also processed using a Starr Trek kit (Biocare Medical, Concord, CA, USA) or a Novolink Polymer Detection System (Leica Biosystems, Heidelberg, Germany) to stain two mouse cell markers via immunohistochemistry, according to the manufacturer's instructions, using mouse monoclonal anti-Ki67 antibody (MM1, Leica Biosystems; 1:50) for cell proliferation and rabbit polyclonal anti-caspase-3 (cleaved at Asp175) antibody (Abcam, Cambridge, United Kingdom; cat. ab52293; 1:150) for apoptosis. The number of cleaved caspase-3 + cells in 100 µm of analyzed colon was counted. Ki67 was quantified as a percentage of the total height of each crypt. For each sample, ten areas or crypts were analyzed.
Quantitative RT-PCR was performed using SuperScript II Reverse Transcriptase (Life Technologies, Saint Aubin, France) and then a Takyon SYBR Green PCR kit (Eurogentec, Liège, Belgium) in a StepOnePlus apparatus (Applied Biosystems, Foster City, CA, USA) with specific mouse oligonucleotides. The oligonucleotides used were as follows: Gapdh (sense) 5′-AACTTTGGCATTGTGGAAGG-3′ and (antisense) 5′-ACACATTGGGGGTAGGAACA-3′; Il17a (sense) 5′-TTTA ACTCCCTTGGCGCAAAA-3′ and (antisense) 5′-CTTTCCCTCCGCAT TGACAC-3′; Il22 (sense) 5′-CATGCAGGAGGTGGTACCTT-3′ and (antisense) 5′-CAGACGCAAGCATTTCTCAG-3′; Reg3g (sense) 5′-TTCCTGTCCTCC ATGATCAAAA-3′ and (antisense) 5′-CATCCACCTCTGTTGGGTTCA-3′; and Reg3b (sense) 5′-ATGCTGCTCTCCTGCCTGATG-3′ and (antisense) 5′-CTAATGCGTGCGGAGGGTATATTC-3′. We used the 2 −∆∆Ct quantification method with mouse Gapdh as an endogenous control and the WT or WT→GF group as a calibrator.
Fecal DNA extraction and fungal quantification via quantitative PCR (qPCR). Fecal DNA was extracted from the weighted stool samples as previously described 37 . More precisely, the feces samples were weighed and then resuspended for 10 min at room temperature in 250 µl of 4 M guanidine thiocyanate in 0.1 M Tris (pH 7.5) (Sigma-Aldrich) and 40 µl of 10% N-lauroyl sarcosine (Sigma-Aldrich). After the addition of 500 µl of 5% N-lauroyl sarcosine in 0.1 M phosphate buffer (pH 8.0), the 2-ml tubes were incubated at 70 °C for 1 h. One volume (750 ml) of a mixture of 0.1-and 0.6-mm-diameter silica beads (Sigma-Aldrich) (previously sterilized by autoclaving) was added, and the tube was shaken at 6.5 m/s three times for 30 s each in a FastPrep (MP Biomedicals) apparatus. Polyvinylpolypyrrolidone (15 mg) was added to the tube, which was then vortexed and centrifuged for 5 min at 20,000g. After recovery of the supernatant, the pellets were washed with 500 µl of TENP (50 mM Tris (pH 8), 20 mM EDTA (pH 8), 100 mM NaCl, 1% polyvinylpolypyrrolidone) and centrifuged for 5 min at 20,000g, and the new supernatant was added to the first supernatant. The washing step was repeated two times. The pooled supernatant (about 2 ml) was briefly centrifuged to remove particles and then split into two 2-ml tubes. Nucleic acids were precipitated by the addition of 1 volume of isopropanol for 10 min at room temperature and centrifugation for 10 min at 20,000g. Pellets were resuspended and pooled in 450 µl of 100 mM phosphate buffer, pH 8, and 50 ml of 5 M potassium acetate. The tube was placed on ice overnight and centrifuged at 20,000g for 30 min. The supernatant was then transferred to a new tube containing 20 µl of RNase (1 mg/ml) and incubated at 37 °C for 30 min. Nucleic acids were precipitated by the addition of 50 µl of 3 M sodium acetate and 1 ml of absolute ethanol. The tube was incubated for 10 min at room temperature, and the nucleic acids were recovered by centrifugation at 20,000g for 15 min. The DNA pellet was finally washed with 70% ethanol, dried, and resuspended in 100 µl of Tris-EDTA (TE) buffer. DNA suspensions were stored at −20 °C for real-time qPCR analysis of the 16S rDNA or ITS2 sequences. DNA was then subjected to qPCR by using a Takyon SYBR Green PCR kit (Eurogentec) for quantification of all fungal sequences or by using TaqMan Gene Expression Assays (Life Technologies) for quantification of all bacterial sequences. The probes and primers for the bacterial 16S rDNA genes and primers for the fungal 18S rDNA genes were used as described previously 19, 37 . The threshold cycle for each sample was determined for each gene normalized to the C T value of the all-bacteria 16S ribosomal RNA gene. Data were calculated using the 2 −∆∆Ct method.
16S rDNA gene sequencing. DNA was isolated from the feces of mice before and after DSS treatment using the protocol described above. Microbial diversity was determined for each sample by targeting a portion of the ribosomal genes. A 16S rDNA gene fragment comprising the V3 and V4 hypervariable regions (16S (sense) 5′-TACGGRAGGCAGCAG-3′ and (antisense) 5′-CTAC CNGGGTATCTAAT-3′) was amplified using an optimized and standardized 16S-amplicon-library preparation protocol (Metabiote, GenoScreen, Lille, France). Briefly, 16S rDNA gene PCR was performed using 5 ng genomic DNA according to the manufacturer's protocol (Metabiote) using 192 bar-coded primers (Metabiote MiSeq Primers) at final concentrations of 0.2 µM and an annealing temperature of 50 °C for 30 cycles. The PCR products were purified using an Agencourt AMPure XP-PCR Purification system (Beckman Coulter, Brea, CA, USA), quantified according to the manufacturer's protocol, and multiplexed at equal concentrations. Sequencing was performed using a 300-bp paired-end sequencing protocol on an Illumina MiSeq platform (Illumina, San Diego, CA, USA) at GenoScreen, Lille, France. Raw paired-end reads were subjected to the following process: (1) quality-filtering using the PRINSEQ-lite PERL script 38 by truncating the bases from the 3′ end that did not exhibit a quality <30 based on the Phred algorithm; (2) paired-end read assembly using FLASH 39 (fast length adjustment of short reads to improve genome assemblies) with a minimum overlap of 30 bases and a 97% overlap identity; and (3) searching and removing both forward and reverse primer sequences using CutAdapt, with no mismatches allowed in the primers sequences. Assembled sequences for which perfect forward and reverse primers were not found were eliminated.
16S rDNA gene sequence analysis. The sequences were demultiplexed, quality-filtered using the 'quantitative insights into microbial ecology' (QIIME, version 1.8.0) software package 40 , and the forward and reverse Illumina reads were joined using the fastq-join method (http://code.google.com/p/ea-utils). The sequences were assigned to OTUs using the UCLUST algorithm 41 with a 97% threshold of pairwise identity and classified taxonomically using the Greengenes reference database 42 . Rarefaction was performed (39,048-84,722 sequences per sample) and used to compare the abundances of OTUs across samples.
ITS2 rDNA gene sequencing. DNA was isolated from the feces of mice before and after DSS treatment using the protocol described above. Microbial diversity was determined for each sample by 454 pyrosequencing of the ribosomal genes. An ITS2 rDNA gene fragment of approximately 350 bases was amplified using the primers ITS2 (sense) 5′-GTGARTCATCGAATCTTT-3′ and (antisense) 5′-GATATGCTTAAGTTCAGCGGGT-3′ and the optimized and standardized ITS2-amplicon-library preparation protocol (Metabiote, GenoScreen). Briefly, for each sample, diluted genomic DNA was used for a 25-µl PCR reaction conducted under the following conditions: 94 °C for 2 min; 35 cycles of 15 s at 94 °C, 52 °C for 30 s, and 72 °C for 45 s; followed by 7 min at 72 °C. The PCR products were purified using AmpureXP beads (Beckman Coulter) and quantified using a PicoGreen staining kit (Molecular Probes, Paris, France). A second PCR of nine cycles was then conducted under similar conditions with the purified PCR products and 10-bp multiplex identifiers (SIM identifiers) added to the primers at the 5′ position to specifically identify each sample and avoid PCR biases. Finally, the PCR products were purified and quantified as described above. Sequencing was then performed using a Gs-FLX Titanium Sequencing System (Roche Life Science, Mannheim, Germany).
ITS2 sequence analysis. The sequences were demultiplexed and quality-filtered using the QIIME version 1.8.0 software package 40 . The sequences were trimmed for bar codes and PCR primers, and were binned for a minimal sequence length of 150 bp, a minimal base quality threshold of 25, and a maximum homopolymer length of 7. The sequences were then assigned to OTUs using the UCLUST algorithm 41 with a 97% threshold of pairwise identity and classified taxonomically using the UNITE ITS database (alpha version 12_11) 43 . Rarefaction was performed (2,696-9,757 sequences per sample) and used to compare the abundances of OTUs across samples. For both 16S and ITS2 sequences, principal component analyses (PCA) based on genus composition were performed using the R package Ade4 (ref. 44 ) and used to assess the variations among experimental groups. The number of observed species and the Shannon diversity index were calculated using rarefied data (depth = 2,675 sequences/sample for ITS2 and depth = 39,931 sequences/sample for 16S) and were used to characterize species diversity in a community. The sequencing data were deposited in the European Nucleotide Archive under accession number PRJEB9079.
Gene expression by microarray analyses. Total RNA was isolated using the protocol described above. RNA integrity was verified using a Bioanalyzer 2100 with RNA 6000 Nano chips (Agilent Technologies, Palo Alto, CA, USA). Transcriptional profiling was performed on mouse colon samples using the SurePrint G3 Mouse GE 8 × 60 K Microarray kit (design ID: 028005, Agilent Technologies). Cyanine-3 (Cy3)-labeled cRNAs were prepared with 100 ng of total RNA using a One-Color Low Input Quick Amp Labeling kit (Agilent Technologies), following the recommended protocol. The specific activities and cRNA yields were determined by using a NanoDrop ND-1000 (Thermo Fisher Scientific, Waltham, MA, USA). For each sample, 600 ng of Cy3-labeled cRNA npg (specific activity > 11.0 pmol Cy3/µg of cRNA) were fragmented at 60 °C for 30 min and hybridized to the microarrays for 17 h at 65 °C in a rotating hybridization oven (Agilent Technologies). After hybridization, the microarrays were washed and then immediately dried. After washing, the slides were scanned using a G2565CA Scanner System (Agilent Technologies) at a resolution of 3 µm and a dynamic range of 20 bits. The resulting TIFF images were analyzed using the Feature Extraction Software v10.7.3.1 (Agilent Technologies) according to the GE1_107_Sep09 protocol. The microarray data were submitted to GEO under accession number GSE67577.
Microarray analysis. Agilent Feature Extraction software was used to convert scanned signals into tab-delimited text that could be analyzed using third-party software. The R package 'agilp' was used to pre-process the raw data. Box plots and PCAs were used to obtain a general overview of the data in terms of the within-array distributions of signals and the between-sample variability. Agilent Feature Extraction software computed a P value for each probe in each array to test whether the scanned signals were significantly higher than the background signal. The null hypothesis was 'the measured signal is equal to background signal' . Probes were considered to be detected if the P value was <0.05. The probes must have been present in at least 60% of samples per group and under at least one condition to be considered for analysis. To compare data from multiple arrays, the data were normalized to minimize the effect of nonbiological differences. Quantile normalization 45 is a method that can quickly normalize within a set of samples without using a reference base. After normalization, spike-in, positive and negative control probes were removed from the normalized data. For differential expression analysis, we used the limma eBayes test 46 , which finds a compromise between the variance estimate for the gene under consideration and the average variance of all of the genes. The Benjamini-Hochberg correction method was used to control the false-discovery rate (FDR). All significant gene lists were annotated for enriched biological functions and pathways using the DAVID platform 47, 48 for gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) terms. Significant canonical pathways had adjusted P values, according to Benjamini's method, below 0.05. We used Venn diagrams to globally visualize the overlap between all significant genes in the WT and Card9 −/− comparisons. Thus, DAVID was performed to test for the biological pathway enrichment of Venn's elements.
